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ABSTRACT

Inconel 718 is a widely used nickel-base alloy in tilegas turbine
engine industry. Many land based commercial/industrial power generating
gas turbines as well as ti.ircraftgas turbines contain critical components
fabricat~cl from this ;ilaterial.The effects of solution and intermediate
heat tre~tments on the notch strrss-rupture properties and microstructure
of Inconel 718 were investigated. It w~s dete~mined that a solution heat
treatment of 1038”C for as short a time as 20 minutes could render the
alloy notch sensitive by solutioning extensive quantities of the ortho-
rhombic delta phase, Ni;Cb. Restoration of notch ductility was accomplished
by the insertion of a 917°C (10 h) intermediate heat treatment, prior
to aging, during which significant quantities of the delta phase were
precipitated. This intermediate heat treatment was not successful in
restoring natch ductility to specimens which had been given longer, one
hour, solution heat treatments at 1038”C. Various other intermediate
hezt treatments were also investig~ted for their effects on notch-
rupture properties. It was determined that the most important factors
controlling the notch-rupture d(;ctility in Inconel 718 are the size,
quantity and distri~ution of the delta phase. The grain size of the
material did not directly control the notch properties.
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INTRODUCTION

Today’s marine/industrial as well as aircraft gas-turbines cont~in
components fabricated from Inconel 718. This matctal is primarily used
in its wro~ght forms but cast 71P material has also been used. This paper,
however, will ccncern itself with wrought Inconel 718.

One of the more outstanding properties of this material is its we’ld-
ability in the ~olution heat treated or aged condition. This is a result
of the sluqllishness of the precipitation hardening reacticn in this alloy.
The major i.lrdeningprecipitate in Inconel 718 has been iderltified as a
gamma’’phase, body centered tetragonal, Ni3 (Cb, Ti, A1).1 F_ace-cmtered
cubic gamma’, consisting of the same constituents, exists as well and
does contribute somewhat to strengthening. These precipitates are, there-
fore, different in composition than the conventional Ni~ (Al, Ti) fcund in
most r~ickel-base superalloy, and thus reflect the 5% cOIUmbil’l\laddition
to this alloy. This d“~fference in composition also manifests itself in
the so-called cveraging precipitate, the eta phase, which in 718 is ortho-
rhombic, Ni3 Cb, as opposed to hexagonal close-packed, Ni3 Ti~ which is
normally found in other nickel-base alloys. Because of this, the eta
phase in Inconel 718 is sometimes identified as delta phase in order to
make the distinction and it will be referred to as such throughout this
paper.

As superior as its welddbility is, Inconel 718 is ~elatively difficult
to form and to machine. Some forillingoperations that dre easily performed
with Inconel X-750, result in a high bre~kage rate for 718. Inconel 718
material has been conventionally solution annealed at 950(’C-980”C, which does
not always fully recrystallize the alloy. The more severe Formlingoperations
sometime require the material to be annealed at approximately 1035-105O”C.
Ilateridl solution heat treated in this higher temperature rdnge, possesses
increased formability, but,on subsequent aging develops into a notch sensitive
condition in stress-rupture.

A rece~lt investigation was complet~d which det~i’led the notch-rupture
properties of a specific heat of material which, in the context of this
paper’, shall be referred tu as heat no. ‘1. Additional data from another
heat of material (heat no. 2) will also be presented.

EXPIRTITIEN1”ALPROCEIJU~~.-----,-.... . .—----.....

Comrller~,~alquality b,]r:,tockwas used in this investig~tion. Heat no. 1
was of rectangular cross-sectiou, 50.0 mm by 76,2 nml;he~t no, 2 was
63.S-nun-dianlround stock. Table I lists the chmical composition for bloth
hcdts. Both had been rolled from materials which had been vacuum Induction
Illeltcdand consumahlc VclCUUlli relueltedm Following rolling, the he~t no. 1
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TABLE I

CHEMICAL COMPOSITION OF H[AT NOS. 1 AND 2 IN WEIGHT%

c

s

Mn

Si

Cr

Mo

co

Ti

Al

B

Fe

Cu

Ni

P

Cb

t-teatNo. 1—.— —

0.057

0.003

0.09

0.15

i8.80

3.07

0.22

0.90

0.49

0.005

Bal

!-).03

52.35

0.006

5.12

Heat No. 2—.—. .—

0.038

0.005

0.11

0.18

18.85

3.09

O.l?l

0.’32

0.49

0.004

Bal

0.05

52,25

0.006

5.02
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barstock had been reportedly annealed at 982°C for 1 h and air cooled;
heat no. 2 received a similar anneal, but at 954”C.

Both bars were machined into cylindrical notched and smcoth bar
specimens with gage lengths of 2’3.2mm. The notch diameter and gage
diameter of the notch specimens wer? nominally 4.53 mr,land 6.4 mm
respectively; the Kt cf these specimens was approximately 3.5. The
nominal gdge diameter of the smooth bar specimens was 4.51 nml. Following
machining, all of the specimens were given a solution heat treatment in
argon for various tirms at predetermined temperatures. Subsequent to
this initial heat treatment, some specimens received an intermediate heat
tredtment in argan and all were aged in argon as follows: 718°C (8 h),
furnace cool at 55°C/hr to 62”1°C, 621°C (8 h) air cool.

Stress- upture testing of the notched bars was conducted d. {19*C
5and 6’30MN/m . Smooth bar tests were conducted under the same conditions

on selectively heat treated specimens, for comparative purposes.

Microst,ructurGl evaluation specimens were run in the f~rnaces at the
same time as the actual test rpecimens. Standard preparation was used for
optical microscopy and all samples were swab etched with a reagent con-
sisting of one part 10 pet chromic acid and three parts hydrochloric acid.

in a
part.
were

Heat

For electron metallographic studies, the samples were electropol ished
solution of six parts methanol + one part sulphuric acid and one-ha-if
nitric acid subsequent to lW diamond compound polishing. The samples
then electrolytically etched in the same solution and replicated.

RESULTS

No. 1.—

Notch-kupture Properties

For heat no. 1, essentially what was found was that the notch ductility
was drastically reduced by as short iitime as 20 min. at 1038”C, when com-
pared to cilnventio~ally solution heat treated, 954°C (1 h), material (Table II).
The data also show that an initial attempt at restoring notch ductility
utilizing a 954°C (3 h) intermediate heat treatment was unsu~.cessful; the
917°C (10 h) intermediate heat treatment was successful in restoring notch
ductility (life), but only for the specimens exposed to the shorter, 20 min.,
solution heat ~reatmerit. This same intermediate heat treatment was un-
successful in rt’storing notctl life to material solut;on heat treated at
1038”C for 1 hou~-. Smooth bar rupture properties fur heat no. 1 are given
in Table III for compar~tive purposes.
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TABLE II
HEAT NO. 1

. .

RESULTS OF h’O”rC}{-RUPTUi{LTESTI14GAT 690 f~”;/m2, 649°C*

Time” To
Sp~’cimen solution lntermedidtc Rupture
Numbpr _ }leiitTreatni_~y~ }{[,at Tre~t~~nt ilrs. .——-—— —

1038”C (2G rein)
II lb
II II

None’ “
II

4
rj

103Ej°C (1 hr)
11

11

11
:::

954;C (1 htj6
7

11

II
153.5
423.1**

8
9

917°C (10 hrs)
11 II

II

II

424.1
143.2

1038”C (20 rein)
II 11

954°C (3 hrs)
II II

0.5
0.4

103~°C (20,,min)

II II

11 11

917°C (10 hrs)
II II
It Ii

II II

. 882.8**
499.5**
838.4**
838.4**

16
17

103~0L (1 hr)
II

95f°C (3 hr’S)
11

0.3
0.6

103~°C (1 hr)

II II

91:”C (10 hrs)
II ::2

1.1

—.— -.

* All specimens gi’~enan aging treatment of 718°C (8 hrs), furnace .

cool at 55’’C/hr to 621”C, 621°C (8 hrs), air cool follo~iing solution

or solution and il]term~diatc heilt treatments.

H Test discorltinucd.
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TABLE III . .

RESULTS OF ShKIOTtlBAR RUPTURE TESTINGAT 690 l;N/m2, 649”C*

. .

.Time to Rupture
SpeciEan Solutic,n - intermediate Percent

. Iiul+er Heat Tteat&nt Heat Treatment I{rs. Elong. ~—. -—— —.

3
4

5
6

7
8

9
10

11 -
12

10:9°C (2O ;in) None . . 79.9
II 71.0

10:8°C (1,,hr) Il. 88.0
II 112.4

~54°C (1 ~r) II 48.9
0 II 58.7

91~°C (lO,,hrs) II 23.7
II . 33.0

1.0:8°C(1,,hr) 95~°C (3 hrs) 42.0
II 35.9 ,

.

lCKj2,°C(1,,hr) 91~”C (10 ~rs) 44.4
5(i.8

4.2
409 -

5.3
5.4

4.”1
4.1

* Al! specimsns given an aging treatment of 718°C ,(8 hr~)~ furnace

cool at 55°C/hr to 621”C, 621°C (8 bps), air COOT follCJWin!jsolution

or.solutio~ and intermediate he~t treatments.
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Ilicrostructure—.——-

The grdin size of the heat no. 1 barstock was ASTM 6-8, as received.
Solution heat treatments at 1038”C increased the grain size to AS”[I;4-7
and ASTt.13-5, respectively, after a 20 min. or 1 hour duration at tcmper~-
ture (Figure 1). After 20 mill.at klll~eratllre, all that remained of the
delta phase was in the form of a fine prior grain boundary precipitat~...
The one-hour solution heat treated material was completely devoid of
delta phase. These observations, therefore, show that grain growth can
occur before complete dissolution of the delta phace.

The fact that the 917@C (10 h) intermediate heat treatment restored
notch ductility, however, indicates that increased grain size of AS(M 4-7
was not the cause of the loss of notch ductility; rather this was apparently
caused by a lack of an adequate distribution of properly sized delta ph?se
plates ir,the microstructure. This intermediate heat treatment produced
greatly increased quantities of delta phase over that residual amount
present after the 2C min. 1038°C solution heat treatment.

Fig. 2 shcws that the delta phase produced by this specific intermediate
heat treatment was of the same general size and distribution as that of
conventionally solution heat treated, 954°C (lb) material, which was also
notch ductile. It should be pointed out th~t the lower temperatures
employed in the study (917°C a:id 954°C) did nut alter the grain size when
used as either solution or intermediate heat treatment temperatures. The
top group of photomicrographs in Figure 2 was taken of the material which
received a 1038°C (20 min.) solution heat treatment followed by a 954°C
(3 h) intermediate heat treatment prior to aging. These show a noticeably
smaller quantity of deltd phase than present in the other groups of photo-
micrographs in this figure. Hhen examined carefully, particularly with
respect to the election photomicrogr~phs, the top group in Fig. 2 appears
to display a generally smaller delta phase plate size (perhaps only half
as large on the average) than t,hosepresent in the others.

Fig. 3 shows the microstructure of the material so”lution heat treated
for one hour at 1033”C followed by a 917°C (10 h) intermediate ;,eattr~at-
men t. The extensi~’e precipitation of the delta phase ?zJ the large size
of these plates, compared to the photomicrographs in Fig. 2 should be noted.
‘lherewfisalso ~ nctice~bly substantial reduction of intragranular delta
phase upon aging. Thi~ was not evident in any of the othet- microstructut-e,
except perhaps to a very slight degree for that material which received
1038”C (20 min.) + 917°C (10 h) + age. Despite the noticeable reduction
in the amount of delta phase for the 1038”C (1 h) + 917°C (10 h) + aged
material, substantial quantities of relatively large size delta plates
remained in the structure. It wds not the intent of this investigation
to clwellon the reason for the reduction in delta phase content upon aging
but it appears to be related to eq’’ilibrium conditions durilg aging with
respect to competition for Cb from the gamma’’/gamma’ precipitates. The
interesting point is that, in tl;iscase, the aged microstructure seemingly
displayed an adequate amount ofdelt~ phase blltwas still not restored to
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hrs) Left: SHT + IHT, Center & Right: SHT + IHT + Age II

500X 3360X
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FIGURE 2

FIICROSTRUCTURES SHONING6 PHASE AMOUNT, DISTRIBUTION AND PLATE SIZE DIFFERENCES OF
SEVERAL DIFFERENTLY HEAT TREATED SPECINENS.
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500X

1033°C (! hr) +917°C (lOhrs) ~I

1032°C (1 hr) + 917°C (10 hrs) + Age ~

Fig. 3

MICROSTRUCTURES SHOWING ALOhlEI?ING IN THE APtlUNT OF b PHASE ON
AGING, AND THE 5 PHASE PLATE S!ZE TYPICAL OF SPECIMEN RECEIVIriG
THIS COMBINATION OF SHT AND IHT.
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a notch ductili:condition. FurtllPrljlorc,t!~ccklt~ plld<’1’~Jlat~size
w~~ l~rqer (on the average almost twice ~s ldrg~) th~f]ti!at‘which
existcc! fur the notch ductile:gl.oU!JSof specimens, one of which il~d
recci~’t~dthe s,lr:?interr?diatc heat trc~trwnt. Ttlerefo;c. it c~rlhe
solidttldttlw length of ti:;.s of the sulution heat treatment, as r:sni-
fe~tud as increa~ecl grdin growth (ASTl;3-5 versus 4-7) resulted in a
diftcrcnt deltd phdzc plate size as hell, upon subsequent heat treat-
ing.

tlc?_at!40.2...—.—

~lotch-!?upture Properties..-—.------.....----- .-.— .

Table IV shows the notch-rupture data for heat no. 2. Here again
10W”C, for as short a time as 20 min., produced a notch-rupture problem.
It is also obvious th~t a longer time solution heat treatrient of 1038”C
for 1-1/2 hoiirsproduced a mterial which was not capable of being restored
to a notch ductile condition]. The most interesting and i17FJol-bn~ result
of the testirigof heat no. 2 is the fact that notch ductility was resto,d
to the rwteriill halving received a solution heat treatment of 10383C (20 ‘in.)
by a 954(’C int~rmediate heat trcatfilentfor only one hour. It should be
recalled that we were ~nable tc restore notch life to he?,tno. 1 material
using a 954”C (3 h) intcnncdiate hc~t tre~tliwnt. Table V shows the smooth
bar rupture properties for heat no. 2.

Comparison Ifiic.restructures-— —— .-.—.-.—-.-——.—-—.—

Fig. 4 shows the photolilicrogrdphsof the as received rdtcricil from heat
no. 2 along with that from heat no. 1. }ieatno. 1 had a sor:ewhatcoarser
grain size (ASTII6-8) than did heat no. 2 (ASTH 9). Furthermore. heat no. 1
appeared to display considerably smaller delta phase plates as received tharl
did heat no. 2 and perhaps even Soil)ewhat fewer plates. Fig. 5 shows the
respective nlicrcstructurc after receiving a 1038CC (20 min.) + 954CC (3 h)
+ age heat treatment. Note the larger increase in grain size for heat no. 1
than for heat no. 2 (ASTM 4-7 vs ASTH 8), caused by the initial 20 min.
duration at tile103SUC temperature. It is also observed that the amount
of delta phase was more plentiful for heat no. 2. This was particularly
true with respect to the amount of intergranular d?lta phase.

DI~cus_sIoii.

From the work described, it appears that t“leease of using a ductility
restoration heat trcatn:ent is directly dependent upon the starting grdin
size and delta phase distribution. }icatno. 1 had a somewhat courser grain
size but probably more importantly, smaller and also perhaps fewer delta
philsepli.itcsin grain boundaries than did heat no. 2. Upon high temperature
solution heat treating, thv grain growth resistance of heat no. 2 was
superior to that UF heat no. 1. Consequently, when subsequent intermcdidte
heat treatments were applied, heat no. 2, with more sites (grain boundaries)
foi.delta prccipitdtion, was restored to a notch ductile condition in an
easier fashior, (at a tmpcrature further from the nose of the delta
precipitation cut-ve,s~~ and in a shorter time).
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_.. . . . ... . ....- . ..—.

TABLE IV

HEAT NO. 2

RESULTS OF NOTCH-RUPTURE TESTING AT 690 MN/m2, 649°C*

Time to
Specimen Solution ;ntermeciiate Rupture
Number t!;?ntTreatment IledtTrrdtrnent.—— .-—.. ..— tirs. _..—-— .— .—---_.— ——

10~8°C (20,,min) Ihle
II

II

II

II

0.6 ‘

608 :;
0.6
2.0

81 II

II II

II II

6
7

1038°C (lb)
II II

None
II 0.7

C.5

9E+”C (lb)
II

II II

II II

8
9
lG
11

None
II

11

II

409.3 **
605.8
668.2 **
674.9 **

12
13
14
lrj

1038~C (20,,min) 95~°C (lb)
II

II tl

:1 II

419.2 **
699.1 **
666.8 **
685.3 ‘*

II II

II II

16
‘17
18
19

1038~C (20 rein)
II

II 1,
II 11

95~°C (;h)

II II

II 11

417.6 **
683.8 ‘*
685.4 **
685.4 ‘k*

1038”C (1-1/2h)20 !!54”C (!lh)
,1

0.3
0,521

22
23

24
25

II 11” “

Oyoc (l+#h)

03~”C (1-!/2h)

954(’C (3h)
II ,:

0.4
0.1

0.3
1.0

..-
*

**

,..-.. . . . . - .,.,

All spccimcns gi~~unan ilqing truatvuentof 718°c (M), furnace
CUO1 dt t5’’C/llrto 621”C, 621’C (Oh], air cool follnwing
Goluticn or solution dncl itlt[!rmt~didtehcmt t,rcatmef]ts.

Tp~t ~isc:~l]tirlurd,

-l?-



TABLE V

HEAT NO. 2

RESULTS OF SMOOTH BAR RUPTURE TESTINGAT 690 MN/m2, 649°C*

Tirnito
Specimen S~lution Intern]ediate Rupture Percent
Number Heat Treatment HeaJ-Treatment (hrs) E.long.— ....—. —- .—.. .—

1038°C (20 rein) None 299.2 10.8
; 11 II II 351.0 6.9

II II II 208.4
i II II 11 100.3 :::

954”: (1U) None 72.3 10.0
: II 146.2 llo~
7 II II II 16.9 16.i

103d~C (20 rein) 954°C (ly 122.9 9.0
: II II 27.1
10 II II II II 97.0 1?::
11 II II II II 194.5 )1.9

12 1038~C (20 ~;in) 954°C (3h) 93.C 13.8
13 II !1 39,4
14 II la II II 90.7 1::;
v.- 11 II II II
12 11104 10.0

.-. .,..—---- —-

* All specimens givun an aging treatment of 718°C (Oh), furnace
cool at 55’’C/hr to 621”C, 621(’C (~h), air cool following solution
or solution and inturmedihtc heat treatments.
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Fig. 5
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The clcpendence of notch life (ductility) on the delta ”phase
precipitation characteristics including the size of the plates has also
l)cen shown previously in several investigations.5>6?7 One might postulate
that a specific grain size might almost be predisposed to influence
the precipitation of delta phase plates of a size and morp!~ology that
is inconsistent with that grain size for notch ductility considerations;
this might be the case for the 103LI”C (1 h) + 917°C (!0 h) heat treated
material from heat no. 1.

The grain size-delta phdse interrelationship seems to basically
be one in which delta phase can pin grain boundaries and , therefore,
inhibit grain growth. Once the clelti,phase is completely or nearly
conlpletely dissolved, grain growth can proc~ed, as one might expect..
As grain boundaries themselves act as preferred sites for subsequent
formation of delta phase during an intermediate anneal, it is important
to initially produce a rel~tively fine grained material containing
substantial quantities of int,ergranular delta phase through proper
control of thermomechanical processing and annealing procedures by
the mill.

CONCLUSIONS AND RECOMMENDATICNS——-.-.—.--———— .— .— .-.....-...--.— .

l’hus far, of course, we have nut demonstrated that we can restore
notch ductility to material solution heat treated for longer than 20 min-
utes at 1030°C. This probleln is compounckcl by the fact that, as has
been Shownl different I)ei]ts ofmatwrial require different restorative
intermediak heat treatments for even tl]eshorter tinw solution heat
treatments. Obviously it wGuld be too tim consuming and expensive
t~lIllakea sp~’~rate determinati~r~ fur each and every heat of material
that onc ndght pcssibly be usin{! for a specific application reql~irin9
guocltormablli~ cl~lringprocessing and acc(’ptnl)lcnotch-rupture pro-
perties ir~service.

A possible solution to this problem is simply more cnrefu”l control
of tll~?rnllllllecl~i~nicalproccssin(j. This could M accomplished by instituting
~ sp[.xii~lsp~!cificiltionsuch iIswittrln the AMS system which would state
appropriiit~ gr~in size and dult,~lph~se distribution and size requirements
that ilr(!provun to pcrIIIitnotch ciuct,ilityrestoration by a sp!?cifically
clutcrminc!dintormedl~t(! hcdt trc~tmnt. Ndturdlly a good dcdl of
fippli~!ddevt!lolm+rrtwould IN!ncndcd to dutcrmine the actual Spocificdtion
lilllitso Ihi$ typ(!of more?strln(l~rlts~m(:iflcatlon might. IJ(!likmed
to t.lmt for the low drl~lt?xtrd-low cilrborlvf+rsionsof 3(14stolnlcss stuo’1
or to tlluCxt,rdlow inl,(!t’!,Litidl!’i)t!(:ificilti(lll(;for stww tIt{lrlium-bdsr
kllluys.

.](,



It should be pcir,tedout that only limit~d quantities c: the higher
qu~lity Inconel 718 would probably be needed. However, it would be
a help to manufacturing ilwtallurgists and production erlgineers. It
would allow them to specify the higher quality ma:,erial for those sit-
uations where the fabrication of a crccp-rupture limited part is
difficult, thereby requiring the higher temperature annealing procedures
in process, and restoration procedures during final heat “treatment.
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